Stroke induces the recruitment of neuronal precursors from the subventricular zone (SVZ) into the ischemic striatum. In injured areas, de-routed neuroblasts use blood vessels as a physical scaffold to their migration, in a process that resembles the constitutive migration seen in the rostral migratory stream (RMS). The molecular mechanism underlying injury-induced vasculature-mediated migration of neuroblasts in the post-stroke striatum remains, however, elusive. Using adult mice we now demonstrate that endothelial cells in the ischemic striatum produce brain-derived neurotrophic factor (BDNF), a neurotrophin that promotes the vasculature-mediated migration of neuronal precursors in the RMS, and that recruited neuroblasts maintain expression of p75NTR, a low-affinity receptor for BDNF. Reactive astrocytes, which are widespread throughout the damaged area, ensheath blood vessels and express TrkB, a high-affinity receptor for BDNF. Despite the absence of BDNF mRNA, we observed strong BDNF immunolabeling in astrocytes, suggesting that these glial cells trap extracellular BDNF. Importantly, this pattern of expression is reminiscent of the adult RMS, where TrkB-expressing astrocytes bind and sequester vasculature-derived BDNF, leading to the entry of migrating cells into the stationary phase. Real-time imaging of cell migration in acute brain slices revealed a direct role for BDNF in promoting the migration of neuroblasts to ischemic areas. We also demonstrated that cells migrating in the ischemic striatum display higher exploratory behavior and longer stationary periods than cells migrating in the RMS. Our findings suggest that the mechanisms involved in the injuryinduced vasculature-mediated migration of neuroblasts recapitulate, at least partially, those observed during constitutive migration in the RMS. 
Introduction
Adult stem cells in the subventricular zone (SVZ) of the lateral ventricle produce neuronal precursors that migrate toward the olfactory bulb (OB) via the rostral migratory stream (RMS). Interestingly, under certain conditions such as cortical or striatal strokes, neuronal precursor cells leave the SVZ and migrate toward ischemic areas [1] [2] [3] . In recent years, studies on post-stroke neurogenesis have revealed that recruited neuroblasts closely associate with blood vessels [4] [5] [6] and appear to travel along them [7, 8] . These data suggest that neuronal precursors require vasculature support for migration in post-stroke areas similar to the constitutive vasculature-mediated migration of neuroblasts in the RMS and OB [9] [10] [11] . However, the dynamics and molecular mechanisms driving the vasculature-mediated migration in poststroke areas remain largely unexplored.
We previously pinpointed an important role for vasculaturederived brain-derived neurotrophic factor (BDNF) in promoting neuroblasts migration along the RMS via activation of p75NTR expressed by these migrating cells [10] . Stroke triggers the expression of BDNF in affected areas [12] [13] [14] , and intravenous [15] or intraventricular [16] BDNF administration in animals subjected to phototrombotic ischemia leads to an increased number of SVZ-derived cells in injured tissues. It is, however, unclear whether BDNF directly affects the migration of neuroblasts in ischemic areas, and what the cellular sources of this trophic factor are. It has previously been shown that neurons in compromised areas transiently secrete BDNF [13, 14, 17] . In addition, BDNF immunolabeling has been observed in astrocytes, microglia, ependymal and endothelial cells at distinct times after injury [18] . However, since BDNF is a secreted protein that can be sequestered by other cell types, a detailed analysis of BDNF mRNA expression in post-stroke areas is required to determine its cellular source.
We studied the expression of BDNF and its receptors in the post-stroke striatum and explored BDNF involvement in the mechanisms of vasculature-mediated migration of neuronal precursors. Real-time imaging of cell migration revealed that BDNF promotes neuroblast displacement in the injured striatum along blood vessels that express this trophic factor. We demonstrated that injury-induced migration of neuroblasts shares similarities with the constitutive migration of neuronal precursors in the RMS with regard to (1) vasculature association, (2) expression of BDNF and its receptors, and (3) involvement of BDNF in the initiation of the migratory phase. Our results provide an insight into the mechanisms underlying injury-induced vasculature-mediated migration of neuronal precursors in ischemic areas.
Materials and Methods

Animals
We used adult, 2-to 3-month-old male C57BL/6 mice (Charles River, Wilmington, MA, USA). The experiments were approved by Université Laval Animal Care and Use Committee (permit number: 2010-173) and all efforts were made to minimize animal suffering and reduce the number of animals used. The mice were kept on a 12-h light/dark cycle at a constant temperature (22uC) and were given food and water ad libitum.
Stereotaxic Injections
To label SVZ-derived cells, GFP-encoding lentiviruses or retroviruses were injected, 3 to 7 days before middle cerebral artery occlusion (MCAo), into the SVZ of adult C57BL/6 mice under ketamine/xylazine anesthesia (10 mg/1 mg per 10 g of body weight). The viruses were injected into both hemispheres into the dorsal and ventral sub-regions of the SVZ at the following coordinates (in mm): anterior-posterior 0.7; medial-lateral 1.2; dorsal-ventral 1.9 for dorsal SVZ; and anterior-posterior 0.9; medial-lateral 1.0; dorsal-ventral 2.7 for ventral SVZ, respectively. By combining two sites of injection in the SVZ, we were able to increase the number of infected cells and, as such, GFP-labeled derouted neuroblasts. The mice that underwent stereotaxic injections received a single dose of ketoprofen (10 mg/kg) during the operation and were treated with the same analgesic during 3 days post-surgery. GFP-encoding viruses (150 nl, 1610 6 -1610 7 TU/ ml) were produced by the Platform for Cellular Imaging (http:// www.neurophotonics.ca/en/platforms/molecular-tools-platform) according to the procedure described previously [10] . For realtime imaging in acute slices and to evaluate neuroblast/ vasculature distances, the animals were sacrificed 3 to 4 weeks after the injections and 2 to 3 weeks post-MCAo.
Middle Cerebral Artery Occlusion (MCAo)
Unilateral transient focal cerebral ischemia was induced by intraluminal filament occlusion of the left middle cerebral artery (MCA) for 1 h followed by reperfusion as previously described [19, 20] . Briefly, the animals were anesthetized with 2% isofluorane and kept at 37uC using a heating pad during the surgical procedure and reperfusion period. A midline neck incision was performed, and the internal carotid artery (ICA) was exposed by careful separation from the surrounding tissues under an operating microscope. A 12-mm-long, 6-0 silicon-coated monofilament suture was then introduced via the proximal left external carotid artery (ECA) into the ICA and then into the Circle of Willis to occlude the origin of the MCA. The wound was closed with a suture clip, and symptoms of stroke were monitored. After 1 h, the mouse was re-anesthetized to remove the filament and suture the skin. Mice were daily treated with saline solution during 1 week and analgesic during 3 days post-surgery. During all the postoperative period, weight loss and post-stroke symptoms were monitored. When gradual worsening of symptoms was observed, the mice were euthanatized to avoid unnecessary suffering of the animal.
Tissue Processing and Vasculature Labeling with Dextran-texas Red
All the histological analyses were performed 1 and 2 weeks post-MCAo. The mice were deeply anesthetized and were perfused transcardially with saline solution (0.9% NaCl), followed by cold 4% paraformaldehyde (PFA). The brains were removed and kept in 4% PFA overnight at 4uC. They were then sectioned into 40-mm-thick sagittal slices using a vibratome (Leica, Concord, ON, Canada). The slices were processed as free-floating sections in phosphate-buffered saline (PBS). To assess how far neuroblasts migrated into the ischemic striatum we measured the nearest distance of Dcx-labeled neuroblasts from the SVZ or the RMS. To evaluate the association of neuroblasts with blood vessels, we either co-immunolabeled the fixed tissues for platelet endothelial cell adhesion molecule (PECAM) and Dcx or assessed retroviral-labeled GFP + cells along dextran-Texas Red-filled blood vessels. For the latter case, 200 ml of high molecular weight dextran-Texas Red (70 000 kDa; Molecular Probes, Eugene, OR, USA) was injected into the heart of deeply anesthetized mice 2 min prior to removing the brains. All functional vessels in the brain can be visualized by Texas Red fluorescence using this approach. Dcx + or GFP + retroviral-labeled neuroblasts that had either the soma or leading process within 3 mm of PECAM or dextran-Texas Red-filled blood vessels were considered as vasculature-associated cells.
In situ Hybridization
Antisense and sense RNA probes were generated from plasmids containing mouse BDNF (kindly provided by Dr. E. Castren, University of Helsinki, Finland) or the extracellular domain of mouse TrkB (kindly provided by Dr. Lino Tessarollo, National Institutes of Health, Bethesda, MD, USA). The riboprobes were labeled with digoxigenin (DIG) using DIG RNA labeling kits (Roche Diagnostics, Laval, QC, Canada) and were purified using ProbeQuant G-50 columns (GE Healthcare, Waukesha, WI, USA). Fixed sagittal brain slices (40-mm-thick) were treated with RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, and 1 mM EDTA in 50 mM Tris-HCl, pH 8.0). The slices were fixed in 4% PFA, washed in PBS, incubated in 0.1 M triethanolamine (TEA, pH 8.0), acetylated with 0.25% acetic anhydride in 0.1 M TEA, and washed again in PBS. The slices were then pre-incubated in hybridization solution (50% formamide, 56 saline sodium citrate (SSC), 56 Denhardt's reagent, 500 mg/ml DNA, and 250 mg/ml of tRNA) for 1 h at 60uC. The riboprobe was added, and the slices were incubated overnight at 60uC. Afterwards, slices were washed in post-hybridization solution (50% formamide, 26 SSC, and 0.1% Tween-20), followed by buffer B1 (100 mM maleic acid, pH 7.5, 150 mM NaCl, and 0.1% Tween-20), and then buffer B2 (10% fetal bovine serum (FBS) in buffer B1). This was followed by an overnight incubation with anti-DIG antibody (1:2000 dilution in buffer B2) at 4uC. After washing with buffer B1 and then buffer B3 (50 mM MgCl 2 , 100 mM NaCl, and 0.1% Tween-20 in 100 mM Tris HCl, pH 9.5), alkaline phosphatase activity was revealed using nitroblue-tetrazolium-chloride/5-bromo-4-chloroindolylphosphate (NBT-BCIP; Promega, Madison, WI, USA). The slices were then washed in buffer B3 and mounted, or were fixed in 4% PFA for 30 min prior to the immunohistochemistry analysis.
Immunohistochemistry
Free floating 40-mm-thick slices were washed in PBS, incubated in 0.2% Triton X-100 in PBS for 2 h, and then incubated overnight at 4uC (unless specified otherwise) with the primary antibody diluted in 4% bovine serum albumin (BSA) and 0.2% Triton X-100. The following antibodies were used: goat anti-Dcx (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA, USA); rat anti-mouse platelet endothelial cell adhesion molecule-1 (PECAM-1; 1:100, three overnight incubations; BD Pharmingen, Mississauga, ON, Canada); rabbit (1:1000; Dako, Burlington, ON, Canada) and mouse (1:1000; Millipore, Billerica, MA, USA) antiglial fibrillary acidic protein (GFAP); mouse anti-NeuN (1:200; Millipore); rabbit anti-Iba1 (1:400; Wako, Richmond, VA, USA); rabbit anti-Olig2 (1:1000; Millipore); rabbit anti-brain-derived neurotrophic factor (BDNF; 1:500, two overnight incubations; Santa Cruz Biotechnology, N-20); rabbit anti-TrkB (1:1000, three overnight incubations; Millipore); rabbit anti-p75NTR (1:500, three overnight incubations; Covance, Montreal, QC, Canada), and mouse anti-polysialic acid neural cell adhesion molecule (PSA-NCAM; 1:1000; Millipore). The slices were then washed in PBS and were incubated with Alexa Fluor-conjugated secondary antibodies for 3 h (1:1000 in PBS). Cell nuclei were counterstained with DAPI, and the sections were mounted in Dako fluorescent medium (Dako). An Olympus FV1000 (Richmond Hill, ON, Canada) confocal microscope was used to acquire and process images.
PCR Analysis
To perform PCR analysis for BDNF, TrkB and p75NTR, ipsilateral and contralateral striata were dissected 7 days after MCAo and the total RNA was isolated using RNeasy Micro Kit (Qiagen), according to the manufacturer instructions. First strand cDNA synthesis reaction was performed with RevertAid H Minus First Strand cDNA Synthesis Kit (Fermentas Life science) with oligo(dT) primers. Obtained cDNA were amplified using following primers: for BDNF-Rs CGCCAGCCAATTCTCTTTTT and BDNF-Fw AAATTACCTGGATGCCGCAA; TrkB-Rs CATC-CATCGGATGGGCAACAT and TrkB-Fw GGGGAAG-GAGCCTTCGGG; for p75NTR-Rs CCCTACACAGA-GATGCTCGGTTC and p75NTR-Fw CCAGCAGACCCACACACAGACTG; for GAPDH-Rs GTCCACCACCCTGTTGCTGTA and GAPDH-Fw TCCCATTCTTCCACCTTTGATG.
Time-lapse Imaging
Two to three weeks post-MCAo, the mice were anesthetized, and the brains were quickly dissected in ice-cold sucrose-based artificial cerebral spinal fluid containing in mM: 210. 3 2 . Individual slices were then placed in an imaging chamber mounted on a wide-field Olympus BX61WI upright microscope under continuous perfusion with ACSF (1 ml/ min). The microscope was equipped with a CCD camera (CoolSnap HQ2, Photometrics, Tucson, AZ, USA) and a Lambda DG4 xenon light source (Sutter Instruments, Novato, CA, USA). The imaging chamber was connected to an automatic heating system (TC-344B, Harvard Apparatus, St. Laurent, QC, Canada) to maintain the ACSF at 31-33uC.
Time-lapse video images were captured using multiple z-stack acquisitions (6-16 z-sections, with 3-7 mm intervals) every 30 s for 1 h to track cell migration in the RMS or 2 h to track cell migration in the ischemic striatum. Fewer labeled cells were observed in the injured striatum, and they displayed fewer migratory events per hour. We thus tracked cell migration in the ischemic striatum using a longer acquisition time. The videos were processed and analyzed using Imaris software (Bitplane, South Windsor, CT, USA), which automatically tracks cells in 3D. A 0.045 mm/30 s threshold, which corresponded to the displacement between two subsequent acquisitions, was set to discriminate between the stationary and migratory phases. A careful visual inspection of cell migration revealed that migratory periods were consistently associated with values above 0.045 while stationary periods were associated with values below 0.045. Often the cell bodies of stationary cells wiggled slightly, when the cell screened the microenvironment with the leading process. The track lengths of migrating neuroblasts were automatically measured using Imaris software and were averaged for each video recording. These values were then averaged across all recordings and were compared. Cells that remained stationary for the duration of the recordings were not considered for analysis. To study the role of BDNF in injury-induced migration, we bath-applied BDNF (10 ng/ml; Peprotech) and TrkB-Fc (1 mg/ml; R&D Systems) and thereby modulate BDNF signaling. We used IgG-Fc (1 mg/ml; R&D Systems) as a control. For these experiments, time-lapse images were first acquired under control conditions for 1 h (ACSF) and then in the presence of the drug for another 1 h. Results are expressed as the percentage of the control value for each group obtained during the first hour of recording (ACSF). Cells tracked for less than 30 min before or after application of the pharmacological agent were not taken into consideration.
Statistical Analysis
Data are expressed as means 6 SEM. Values were analyzed using Student's unpaired t test and were considered statistically significant at *p,0.05, **p,0.01, and ***p,0.001.
Results
Neuronal Migration in the Ischemic Striatum is Vasculature-dependent and Involves Astrocytes
In the present study, we used a mouse model of MCAo, which has infarcts mainly in the striatum. To ascertain the efficiency of MCAo, the animals were tested, 24 hours after the operation, for hallmark neurological deficits associated with ischemia, such as circulating behavior, slight motor deficits on the contralateral front paw and reduced spontaneous activity. In addition, labeling with 2,3,5-triphenyltetrazolium chloride (TTC) 7 days after MCAo revealed pronounced infarct area in the ipsilateral striatum (data not shown). To evaluate the extent of neuronal migration from the SVZ to the infarcted striatum, we labeled for Dcx, a marker for newborn migrating neurons in the adult brain. Ischemia-induced neuroblasts recruitment toward the damaged striatum was triggered and maintained during the two first weeks following ischemia, which was in agreement with previous reports [21] . Small numbers of Dcx + neuronal precursors had migrated to the striatum of the ipsilateral hemisphere within 1 week of MCAo (data not shown) while many more labeled cells that had migrated longer distances from the SVZ were observed 2 weeks following the injury (Fig. 1A, right) . As reported previously [5, 8, 22] , Dcx + neuroblasts were observed as individual cells (Fig. 1B) or assembled in chains (Fig. 1C ) or spherical clusters (Fig. 1D) . Dcx + cells, clusters or chains were found in the ischemic striatum at average distance of 12869.7 mm from the SVZ or RMS (range from 7 to 406 mm, n = 82 cells/chains/clusters from 3 mice). In contrast, the corresponding contralateral striatum was devoid of Dcx immunoreactivity (Fig. 1A , left) and resembled that of the naïve brain. Co-immunolabeling for Dcx and PECAM revealed that the de-routed neuroblasts preferentially localized in the vicinity of striatal blood vessels (Fig. 1E,G) . Indeed, 86.6164.27% of Dcx + cells (3529 cells analyzed, n = 5 mice) after 1 week and 83.9562.24% of Dcx + cells (2860 cells analyzed, n = 4 mice) after 2 weeks were located in the vicinity of PECAM + blood vessels (Fig. 1E,G) . This finding was consistent with previous reports [4] [5] [6] [7] [8] and suggested that neuroblasts use the vasculature as a physical substrate to support their migration to the post-stroke striatum. To ensure that the neuroblasts observed in the ischemic striatum had indeed migrated from the SVZ and had not been produced locally, we labeled the neuronal precursors in the SVZ by stereotaxic injection of GFP-encoding lenti-or retroviruses 3 to 7 days preMCAo. GFP + neuroblasts were observed in the ipsilateral striatum and were preferentially associated with dextran-Texas Red-filled blood vessels 2 weeks post-MCAo ( Fig. 1F,G ; 80.7564.44%, n = 119 cells, n = 17 mice).
Astrocytes play an important role in RMS neuroblasts migration by restraining chains within tubular glial structures [23, 24] and by affecting neuronal migration via releasable [25] and membrane-bound [26] factors. Astrocytes control extracellular levels of GABA to uphold neuroblast migration [27] , modulate vasculature-mediated neuroblast migration [10] , and regulate the formation of migration-promoting vasculature scaffolds [28] . We thus analyzed the arrangement of the astroglia in the ischemic striatum. Like the RMS, the striatal vessels used for post-stroke migration were ensheathed by astrocytes. We observed a massive astrogliosis in the injured striatum, where some of the reactive astrocytes were in close contact with neuroblasts and blood vessels (Fig. 1H,I ). This cellular organization, which supports neuroblast migration toward the ischemic striatum, resembles the RMS cytoarchitecture, where constitutive migration of neuronal precursors toward the OB occurs [9, 10] . Since vasculature-derived BDNF has been shown to orchestrate neuroblasts migration in the RMS, we investigated the role of BDNF in injury-induced migration.
Ischemia Induces BDNF Expression by Neurons and Endothelial Cells in the Striatum
In the adult mice striatum, BDNF expression is extremely low and frequently undetectable [29, 30] . However, BDNF levels are transiently increased following striatal injuries [13, 31, 32] . To quantify the level of BDNF expression 1 week after MCAo we performed PCR analysis for BDNF in the contralateral and ipsilateral striata. In agreement with previous reports [13, 31, 32] , at 1 week post-MCAo, BDNF mRNA expression in the ipsilateral striatum had increased to 251.0675.9% (p,0.01; n = 4 mice) ( Fig. 2A) . To study the cellular pattern of BDNF expression, we first performed an in situ hybridization to detect BDNF mRNA. BDNF mRNA levels in the contralateral striatum at 1 or 2 weeks post-MCAo (Fig. 2B, left) were similar to the naïve brain (data not shown), with no or few positive cells per slice. We did, however, detect an upregulation of BDNF mRNA expression in dispersed round-shaped cells (Fig. 2B, middle) in the ischemic striatum 1 week post-MCAo. At 2 weeks post-MCAo, BDNF mRNA expression in these cells had dropped to contralateral levels (Fig. 2B, right) . No signal with sense BDNF riboprobe was detected in the contralateral and ipsilateral striata (Fig. S1) . In situ hybridization combined with immunohistochemistry for cell typespecific markers revealed that the round-shaped cells are NeuN + neurons (Fig. 2C) . Interestingly, in the ischemic striatum, BDNF mRNA was also detected in dextran-Texas Red-filled blood vessels (Fig. 2D) . No BDNF mRNA was observed in blood vessels in the contralateral or naïve striatum (data not shown). While BDNF expression in neurons was upregulated 1 week post-MCAo and subsequently dropped to control levels after 2 weeks, BDNF expression in striatal blood vessels persisted 2 weeks after the injury. No BDNF mRNA was detected in other cells types in the ischemic striatum, including Dcx + neuroblasts (Fig. 2E ), GFAP + astrocytes (Fig. 2F ), Iba1 + microglia (Fig. 2G) , and Olig2 + oligodendrocytes (Fig. 2H) .
Having shown that BDNF mRNA is expressed, we investigated the expression of BDNF protein. Surprisingly, we detected BDNF immunopositive signals not only in dextran-Texas Red-filled blood vessels (Fig. 3A) and a few neurons (data not shown), but also in astrocytic-like cells, some of which were closely associated with the dextran-Texas Red-filled blood vessels (Fig. 3A-D) . Co-labeling for GFAP and BDNF confirmed that astrocytes in the ischemic striatum are immunopositive for BDNF (Fig. 3D) . These results were observed 1 and 2 weeks post-injury. Given that no BDNF mRNA was detected in astrocytes ( Fig. 2F) , this finding led us to hypothesize that BDNF secreted by endothelial cells and/or neurons following an injury may be trapped by neighboring astrocytes. Since neuronal BDNF mRNA expression is drastically reduced 2 weeks post-injury, it is conceivable that endothelial cells that maintain BDNF expression at 2 weeks are the main cellular source for this secreted trophic factor. Interestingly, we previously demonstrated that astrocytes in the RMS bind endothelial BDNF via cell-surface TrkB receptors and thus modulate its availability for p75NTR-expressing migrating neuroblasts [10] . This led us to analyze the patterns of TrkB and p75NTR expression in the ischemic striatum.
Migrating Neuroblasts in the Damaged Striatum Express p75NTR, While Reactive Astrocytes Express TrkB Receptor
We observed p75NTR immunolabeling in PSA-NCAM + neuroblasts that had de-routed to the site of injury (Fig. 3E) . We also detected p75NTR immunolabeling in astrocytes and some neurons of the ipsilateral striatum (data not shown). These data were consistent with previous reports showing that p75NTR is upregulated in reactive astrocytes in the ischemic hippocampus [33, 34] and in cholinergic neurons in the ischemic striatum [35] . However, no significant changes in p75NTR mRNA were detected in the ipsilateral striatum by PCR analysis (104.8613.3% of change, n = 4 mice). This is probably due to low number of de-routed neuroblasts as compared to the amount of striatal cells.
PCR analysis for TrkB (409.46137.2% of change, p,0.01; n = 4 mice; Fig. 4A ) and in situ hybridization with antisense riboprobe (Fig. 4B ) revealed robust overexpression of the highaffinity receptor for BDNF throughout the ipsilateral striatum compared to the contralateral striatum. This pattern of expression was observed both 1 and 2 weeks post-MCAo and coincided with areas of massive astroglial accumulation (Fig. 4B,C) . No signal was observed with sense riboprobe for TrkB in the contralateral and ipsilateral striata (Fig. S1 ). TrkB in situ hybridization combined with immunolabeling for cell type-specific markers confirmed the expression of TrkB by GFAP + reactive astrocytes (Fig. 4D, arrow) . Co-immunolabeling for GFAP and TrkB also showed that these proteins co-localized in the injured striatum (Fig. 4E) . The expression of the TrkB receptor in astrocytes provided a clue concerning the BDNF immunolabeling results and suggested that the TrkB receptor in astrocytes ''traps'' extracellular BDNF released by endothelial and/or neuronal cells following ischemia.
No TrkB mRNA or protein expression was observed in Dcx + neuroblasts (Fig. 4F) , NeuN + neurons (Fig. 4G ), Iba1 + microglia (Fig. 4H) , or Olig2 + oligodendrocytes (Fig. 4I) . The in situ hybridization and immunolabeling results for BDNF and its receptors in the ischemic striatum revealed a pattern that is strikingly similar to the expression pattern observed in the RMS [10] . As in the RMS, p75NTR
+ neuroblasts in the ischemic striatum migrate along blood vessels expressing BDNF. Astrocytes that envelope blood vessels and contact neuroblasts likely trap extracellular BDNF through a high-affinity TrkB receptor. We thus investigated the dynamic properties of injury-induced neuroblast migration to determine whether BDNF acts directly on neuroblasts to guide their migration along the blood vessels in the ischemic striatum.
Injury-induced Neuroblast Migration in the Striatum is Less Dynamic than Constitutive Migration in the RMS
Despite a growing number of studies reporting that SVZderived progenitors migrate toward injured areas, the dynamic behavior of neuroblasts during such induced migration has not been fully explored. This issue has been approached by monitoring the migration of DiI-labeled cells, Dcx-GFP-expressing cells, and lentivirally-labeled cells in the striatum of organotypic slices from animals subjected to MCAo [7, 8, 36] . Time-lapse microscopy to monitor the displacement of recruited labeled cells in the striatum was performed, by acquiring multiple z-stack images every 15 min [8, 36] or 30 min [7] . While organotypic slices make it possible to follow cell migration for prolonged periods of times, culturing the slices may alter the migratory properties of the cells. In addition, acquisitions every 15 to 30 min make it difficult to detect and study some migratory properties such as the duration of the stationary and migratory phases, which can be as short as 4 to 10 min [10] . We thus acquired images every 30 s for 1-2 h in acute slices in order to monitor the patterns and dynamics of injury-induced migration in the striatum and compared them to normal RMS migration. We prepared slices 2 to 3 weeks post-ischemia and 3 to 4 weeks post-GFP-encoding lenti-or retrovirus injection into the SVZ and recorded the migration of de-routed neuroblasts in the ischemic striatum. We also recorded neuroblasts migration in the contralateral and ipsilateral RMS to determine whether ischemia-induced recruit- ment of neuronal precursors to the nearby striatum interferes with the normal dynamics of migration in the constitutive pathway. The analysis of neuroblasts migration in the RMS and the ischemic striatum clearly showed that neuroblasts migrated for shorter average distances per hour in the ipsilateral striatum compared to the contralateral (CL) or ipsilateral (IPSI) RMS ( Fig. 5A-H . These results indicated that neuroblasts migrating in the ischemic striatum are less dynamic than those migrating in the normal environment. The difference in the total displacement distance of neuroblasts in the ischemic striatum compared to those in the RMS may be due to the changes in the speed of migration or differences in the duration of the migratory and stationary phases. In our analysis, we assessed the speed of migration solely during the migratory phases, as proposed earlier [10, 37] . Interestingly, there was no difference in the speed of migration between neuroblasts migrating in the ischemic striatum and in the contralateral or ipsilateral RMS ( (Fig. 5F ). It also should be mentioned that most cells in the striatum were immotile during the 2 h recording period and were not taken into consideration. Representative traces of individual cells showed that the average distance that cells migrated in injured areas was shorter than in the RMS (Fig. 5G) . In addition, while cell migration was highly directional in the RMS, once inside the injured striatal matrix, cells seemed to migrate randomly in different directions (in Fig. 5B,D ,F, the range of colors in the tracks shows the initial (blue) and final (white) positions, and thus the direction of the movement). Interestingly, we also observed that neuroblasts in the RMS ipsilateral to the lesion have longer stationary periods than cells in the contralateral RMS ( Fig. 5J ; CL RMS: 82.1860.88%, 121 cells, n = 16 video recordings obtained from 11 mice; IPSI RMS: 85.4660.79%, 117 cells, n = 15 video recordings obtained from 11 mice; p,0.01 with unpaired t test). It is noteworthy that, unlike our previous studies on neuroblast migration in the naïve RMS [10, 28] , in the present work we observed lower neuronal precursor motility and longer stationary phases in the contralateral RMS. This difference is likely due to the fact that we monitored cell migration in the RMS 3 to 4 weeks post-viral labeling of neuronal precursors in the SVZ, while in our previous studies we recorded cell migration in the RMS 4 to 7 days post-viral labeling in the SVZ [10, 28] . Thus, in the present work, we likely tracked a distinct population of neuroblasts that displayed lower motility and that remained in the RMS 3 to 4 weeks postlabeling in the SVZ.
In the ischemic striatum, ''resting'' cells with a migratory morphology often exhibited a highly exploratory behavior, constantly extending and retracting the leading process with a highly dynamic growth cone in different directions (Fig. 6A) . The leading process stabilized on a number of occasions, and the cell soma was translocated in its direction, constituting a migratory event. Interestingly, most of the recruited neuroblasts migrated along blood vessels in the ischemic striatum ( Fig. 6B and Movie S1). We observed two different types of migration. In the first case, neuroblasts migrated straight along the dextran-Texas Red-filled blood vessels (Fig. 6B) . We also observed neuroblasts with their soma located close to one blood vessel and a leading process extended toward another blood vessel ( Fig. 6C, arrowhead ; see also Fig. 6A ). In some cases, the growth cone at the end of the leading process stabilized, leading to the initiation of cell migration. These observations suggested that neuronal precursors may migrate in the post-stroke striatum by ''jumping'' from one blood vessel to another in addition to the ''continuum'' migration along individual blood vessels. These two types of migration modes may cooperate to increase the dispersal of recruited neuroblasts in the ischemic striatum.
BDNF Promotes Injury-induced Migration in the Ischemic Striatum
To determine whether BDNF modulates the ischemia-induced migration of neuroblasts, we monitored neuroblast migration in the injured striatum of acute slices before and after the bathapplication of BDNF or TrkB-Fc in order to scavenge endogenous BDNF. As a control we applied IgG-Fc. The pharmacological agents were applied during the second hour of recording and migration was compared between the first (control: ACSF) and second hour (pharmacological agent) of the recordings. Results are expressed as the percentage of the control (ACSF) for each group. TrkB-Fc, which scavenges extracellular BDNF, making it unavailable to the migrating cells, impaired neuroblast migration in the striatum (Fig. 7A and Movie S2). In control experiments, bath-application of IgG-Fc had no effect on migration. In contrast, the bath-application of recombinant BDNF fostered the migratory behavior of progenitor cells in the compromised striatum, often causing initiation of a migratory phase by previously resting cells (Fig. 7B and Movie S3). Quantification of neuroblast migration demonstrated that TrkB-Fc decreased the total length of neuroblast displacement per hour (52.77612.63%, n = 15 cells, 6 video recordings obtained from 5 mice; p,0.01 with Student t test; Fig. 7C ). In contrast, we observed a robust increase in total Fig. 7D) . Thus, whenever a migratory event was initiated, the cells displaced with the same speed during the migratory phase. However, TrkB-Fc increased the time spent in the stationary phase (104.261.23%, n = 15 cells, 6 video recordings obtained from 5 mice; p,0.05 with Student t test), whereas BDNF decreased the time spent by neuroblasts in the resting period (90.263%, n = 11 cells, 6 video recordings obtained from 4 mice; p,0.01 with Student t test) (Fig. 7E) . No changes were observed following the bath-application of IgG-Fc (98.6663.03%, n = 13 cells, 6 video recordings obtained from 4 mice; Fig. 7E ). The changes in migration induced by BDNF and TrkB-Fc were thus due to changes in the time spent in the stationary phase (Fig. 7E) . BDNF seemed to play a pivotal role in the switch from the stationary to the migratory phase by promoting the initiation of migration in cells navigating on the damaged striatum. These effects are similar to that of BDNF on migration in the RMS, where it promotes entry into the migratory phase [10] .
Discussion
The goal of the present study was to study the mechanisms of vasculature-mediated migration of neuronal precursors in the ischemic striatum. We demonstrated that neuroblasts de-routed to the injured striatum express p75NTR and migrate along striatal blood vessels, which synthesize BDNF in response to the injury. Trapping endogenous BDNF with TrkB-Fc impaired neuroblast migration in the acute slices prepared from the ischemic striatum, whereas recombinant BDNF triggered more migratory events by the de-routed cells. Interestingly, reactive astrocytes were closely associated with blood vessels and expressed TrkB, the high-affinity BDNF receptor. These glial cells may thus modulate the availability of BDNF for p75NTR-expressing neuroblasts by binding free extracellular BDNF. This would in turn modulate the migration of neuronal precursors as previously observed for the constitutive migration of neuroblasts in the RMS [10] . We also showed that neuroblasts migrating in the injured striatum display greater exploratory behavior and thus longer stationary periods than cells migrating in the RMS. Our findings showed that injury-induced migration is less dynamic than constitutive RMS migration, but that it is also controlled by BDNF signaling.
Expression of BDNF and its Receptors after Ischemia
Unlike the intact striatum, the injured striatum contains considerable amounts of BDNF that is locally expressed by blood vessels and neuronal cells. Until recently, it was generally recognized that neurons are the major transient source of newly synthesized BDNF following strokes [12] [13] [14] 17, 38] . The expression of BDNF by surviving neurons in the degenerating ischemic cortex or striatum has been associated with an early autocrine neuroprotective role that counteracts cell death [39] [40] [41] . In recent years, other groups have shown that microglia transiently produce BDNF within 24 h of permanent focal [42] or multifocal cortical ischemia [18] . BDNF-immunolabeled ependymal and endothelial cells and astrocytes ensheathing vessels were also detected in injured areas [18] . However, since BDNF mRNA expression was not evaluated, the conclusions concerning the source of this secreted trophic factor based solely on immunoreactivity results must be treated with caution. In the present study, we used RT-PCR, in situ hybridization and immunohistochemistry to document the increased level of BDNF in the ischemic striatum and its expression by neurons and endothelial cells. Interestingly, while BDNF expression in NeuN + striatal cells decayed from 1 to 2 weeks post-injury, BDNF expression in the striatal vasculature was maintained 2 weeks post-injury. This suggested that neuronal BDNF may be involved in early neuroprotective events, while endothelial BDNF, which persists for a longer time, promotes and maintains the migration of neuronal progenitors in an attempt to replace cells in the injured striatum.
We detected the BDNF receptor p75NTR, but not TrkB, in migrating neuroblasts, suggesting that the low-affinity p75NTR receptor is responsible for the stimulatory effect of BDNF on the neuroblast migration observed in the acute slices of injured striatum. In the SVZ, p75NTR is expressed by neuroblasts, type C cells, and a few astrocytes [10, 43] . Following an injury, some progenitors are mobilized from the SVZ and RMS to the striatum. However, the expression of the low-affinity BDNF receptor is maintained and is likely involved in cell navigation through the striatal matrix. In addition to neuroblasts, a few striatal neurons and astrocytes expressed p75NTR, while virtually no p75NTR was found in the contralateral striatum. Previous studies have shown that post-stroke neuronal upregulation of p75NTR takes place in a subpopulation of cholinergic striatal interneurons and likely prompts cells to undergo apoptosis [35, 44] . The functional role of p75NTR expression by astrocytes following ischemia remains, however, elusive. Studies on the intact cortex [45] and hippocampus [46] have suggested that p75NTR in astrocytes is involved in controlling the extracellular availability of BDNF.
TrkB, the high-affinity BDNF receptor, was expressed exclusively in activated astrocytes in the injured area. The expression of the full-length TrkB receptor in neuronal cells undergoes an acute transient increase following brain insults, but this lasts no longer than 24 h [47] or 48 h [48] . This suggests that TrkB plays a role in the early neuroprotective action of BDNF. The in situ probe and anti-TrkB antibody used in our study recognized both the fulllength and truncated isoforms of TrkB receptor. However, it is widely accepted that the full-length receptor is typically abundant in neurons, whereas the truncated form is mainly found in glial cells [49] . This suggests that the TrkB receptor overexpressed by astrocytes that we observed in our study, at 1 and 2 weeks postischemia, may correspond to the truncated form of the receptor. In line with this, Wong et al. [31] also described a similar robust overexpression of truncated TrkB that persisted for at least 2 months after stab wound injury. Overexpression of TrkB by astrocytes may be involved in the regulation of neuroblast migration by controlling extracellular BDNF availability, as it is observed during constitutive migration of neuroblasts in the RMS [10] .
Molecular Mechanisms and Dynamics of SVZ Neuroblast Migration in the Ischemic Area
We explored the dynamic patterns of post-stroke migration by real-time video-imaging. It has been previously reported that neuroblasts in the ischemic striatum migrate at an average speed of 28.6761.04 mm/h [8] or 33.161.6 mm/h [7] . In these studies, images were acquired every 15 min [8] or 30 min [7] , and the calculation of the migratory speed encompassed both the resting and migratory phases (total displacement per time of recording). Since we acquired images every 30 s, we were able to separate the two phases and calculate the speed of cells migrating within the ischemic striatum or along the RMS solely during the migratory period. While our results revealed a marked difference in the duration and periodicity of the migratory and stationary phases in the ischemic striatum and RMS, we observed no changes in the speed of migration. Cells migrating in the striatum behaved as though they were actively screening the environment in different directions, with multiple extensions and retractions of the leading process and a highly dynamic growth cone. However, as soon as the migratory event was initiated, the neuroblasts migrated at the same speed as they do in the adult RMS. The increased exploratory behavior of the neuronal precursors in the injured striatum might have been caused by the ''unusual'' microenvironment, which does not fully recapitulate the cellular and molecular organization that facilitates neuroblast migration in the adult RMS. Moreover, invading cells face a detrimental environment rich in cell debris and death signals that might affect the migration of new neurons. These factors may account for the higher stationary periods observed during injury-induced migration compared to migration in the RMS. Intraventricular infusion of BDNF or overexpression of the neurotrophin in the SVZ of adult rats leads to an increase in neuronal addition to the OB [50, 51] and aberrantly to the surrounding parenchyma, including striatum [51, 52] . These data were however contradicted by observations that intraventricular infusion of BDNF has no effect on neuron production from mouse SVZ, while decreased it in rats [53] . In addition, an increase in neuroblasts number within ischemic striatum was detected in transgenic BDNF+/2 mice as compared to wild-type littermates [54] . These contrasting observations might be at least partially due to the diverse effect of BDNF on cell proliferation, differentiation, and survival, and the role of this trophic factor on SVZ neurogenesis is a subject of debate [50] [51] [52] [53] [54] [55] [56] [57] . More consensuses exist regarding BDNF effect in the migration of neuronal precursors. Indeed, BDNF plays a pivotal role in neuronal migration during development [58] [59] [60] and in adulthood [10, 61] . Our group [10] and others [62, 63] have demonstrated a stimulatory effect of BDNF on migration of SVZ cells from the adult and postnatal brain. However, the difference exists in terms of implication of BDNF receptors in stimulating neuroblasts migration [10, 53, 62] . Chiaramello and colleagues have suggested that stimulatory effect of BDNF on neuroblasts migration occurs via TrkB receptors [62] . We [10] and others [53] have detected TrkB expression by SVZ-RMS astrocytes and p75NTR by migrating neuroblasts in mice [10] and rats [53] . We then showed that migration-promoting effect of BDNF occurs via p75NTR expressed by neuroblasts [10] . With regard to TrkB expression by astrocytes we suggested that this high-affinity receptor for BDNF may trap extracellular BDNF and thus modulate its availability for neuroblasts [10] . Interestingly, similar trapping effect was observed during migration of oligodendrocyte precursors where megalin expressing astrocytes sequester Shh to present it to oligodendrocytes precursors or to control the gradient of this molecule [64] . Using co-cultures of SVZ astrocytes and BDNF-GFP transfected endothelial cells we have previously shown that endothelial cellderived BDNF is sequestered by TrkB-expressing astrocytes and that the trapping of this growth factor by glial cells is important for modulation of neuroblasts migration in the RMS [10] . We propose here that the same mechanisms might be also involved in the control of periodicity of migratory and stationary phases of migrating neuroblasts in the ischemic striatum.
Conclusion
In the present study, we demonstrated that injury-induced migration also relies on a BDNF-dependent mechanism similar to constitutive neuronal migration in the adult SVZ-OB pathway. As in the adult RMS [10] , 1) the migration of p75NTR-expressing neuroblasts occurred along the vasculature scaffold that synthesizes BDNF, 2) migration was fostered by BDNF, and 3) likely regulated by TrkB-expressing astrocytes that envelop the vessels and bind BDNF, thus controlling the extracellular levels of this trophic factor. The similarities between the mechanisms of constitutive and injury-induced vasculature-dependent migration of neuronal precursors suggests that some of the mechanisms controlling neuroblast migration in the adult RMS might be activated in the compromised striatum to recruit new cells. While weak, the spontaneous recruitment of neuronal precursors in the ischemic striatum suggests that there is potential for developing cell therapies that rely on promoting cell survival and/or injuryinduced migration.
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